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(57) Abstract: Disclosed is an electric motor system with reduced torque ripple comprising a sinusoidal ly magnetized permanent 
Q magnet, a sinusoidal inverter, a higher resolution position sensor, a composite iron stator yoke, a composite reinforced plastic rotor 

core and shaft; and a high gear ratio gear reduction box. The novel combination of magnet, inverter, sensor plastic rotor core and 
^ shaft and high gear ratio gear box substantially reduces the torque ripple on the shaft of said motor system. 
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TORQUE RIPPLE FREE ELECTRIC POWER STEERING 

TECHNICAL FIELD 

The invention is directed to electric power steering systems, 
particularly towards a torque ripple free system for electric power steering. 

BACKGROUND OF THE INVENTION 

5 Electric power steering (EPS) has been the subject of development 

by auto manufacturers and suppliers for over a decade because of its fuel 
economy and ease-of-control advantages compared with traditional hydraulic 
power steering . However, commercialization of EPS systems has been slow and 
is presently limited to small and midget-class cars due to cost and performance 
1 0 challenges. Among the most challenging technical issues is the annoying 

pulsating feel at the steering wheel and the audible noise associated with the type 
of high performance electric drives needed to meet the steering requirements. 

SUMMARY OF THE INVENTION 

The so-called "Torque-Ripple Free" (TRF) system is an advanced 
15 electric drive concept, which was devised with the specific objectives of reducing 
the motor torque pulsation and audible noise in electric power steering systems 
to ultra-low levels comparable to those experienced in cars equipped with 
hydraulic power steering systems. In theory, and under ideal conditions, the new 
concept should produce no torque ripple at all, and hence the name. However, 
20 due to practical limitations discussed below, some low levels of torque ripple 
unavoidably remain. 
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The key elements of the TRF electric drive concept include: 

(a) A sinusoidal drive to reduce commutation torque ripple to 
ultra-low levels. This is accomplished by: 

(1) A sinusoidal inverter/controller to switch currents into the 

5 three-phases to be in synchronism with the rotor at all times. The currents 

are controlled to have sinusoidal waveforms 

(2) ; Permanent magnets designed to produce a sinusoidal 
magnetic field distribution in the windings region of the machine, thus 
inducing voltages in the machine windings of sinusoidal waveforms, and 

10 A low cost, higher resolution position sensor to provide the 

controller with accurate rotor position information, necessary to control the 
current waveform to the desired sinusoidal shape, 

(b) An electrical machine with slotless winding to eliminate both 
cogging torque and pulsating radial forces. Figure 3 illustrates a 

1 5 schematic of the TRF motor cross-section for illustration. 

(c) A composite iron stator yoke to replace laminated yoke and 
eliminate its associated whining noise. It simultaneously functions also as a 
housing for the stator, thus reducing the stator manufacturing cost and defraying 
some of the added cost of the more expensive magnet and position sensor 

20 required for this concept. 

(d) A composite reinforced plastic rotor core and shaft, which is 
another cost saver because it can be molded to shape instead of machined. In 
addition it will help with lowering the rotor inertia due to its lower density 
compared with steel, thus compensating for the increased inertia due to a needed 

25 larger magnet. While using a plastic rotor core tends to reduce its torsional 
stiffeess, it is found to yield acceptable angular strain. 

(e) A gear reduction box with a high gear ratio to reduce the 
motor size and cost. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates a schematic diagram of an electric power 
steering system. 

Figures 2 A-C illustrate a series of current, voltage, and 
instantaneous torque waveforms in a PM brushless motor. 
5 Figure 3 illustrates a schematic of an embodiment of a TRF motor 

cross section. 

Figure 4 illustrates the measured magnetic flux density at the 
surface of a sinusoidally magnetized magnet. 

Figure 5 illustrates a magnetoresistive position encoder 

10 configuration. 

Figure 6 illustrates a magnetic flux density distribution above a 
magnet surface, with and without a ferromagnetic layer. 
Figure 7 illustrates a test set-up. 

Figure 8 illustrates a simplified schematic of a TRF-EPS power 

15 stage. 

Figure 9 illustrates a digital signal processor based TRF-EPS 
controller architecture. 

Figures 10 A and B illustrates a position sensor signal and the 
corresponding position initialization logic. 
20 Figure 1 1 illustrates a TRF motor cross-section and physical 

dimensions. 

Figure 12 illustrates no-load induced voltages at 2000 rpm. 
Figures 13A and B illustrate MR signals in a high resolution array. 
Figures 14A and B illustrate the current waveform and frequency 
25 at 1.35 Nm and 1560 rpm. 

Figure 15 illustrates the torque ripple of a baseline motor at 10 

rpm. 

Figure 16 illustrates the torque ripple of a TRF motor at 10 rpm. 
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Figures 17A-17C illustrate an audible noise spectrum in a baseline motor, a 
motor with double insulation and a TRF motor with engine idling and steering at 
30rpm. 

DETAILED DESCRIPTION OF THE INVENTION 

Basic Theory of Electric Power Steering (EPS) Systems 

In a typical EPS system 10, shown schematically in Figure 1, 
5 (Figure 1 shows a column-mounted EPS system) the steering assist torque is 

provided by an electronically controlled motor 12 in the amount demanded by the 
driver's use of the steering wheel 14. The driver's need is sensed and 
communicated to the motor controller by an in-line torque sensor 16. The assist 
torque is transmitted to the wheels via the conventional rack-pinion assembly 18, 

10 usually by applying the torque to the steering column 15, though it is also known 
to apply torque to the rack 17 directly. To help with motor packageability, 
reduction gears 20 are typically placed at the motor shaft. A mechanical link is 
maintained between the steering wheel and the wheels for safe manual operation 
in case of failure of the EPS system. An Electronic Controller 22 and Power 

15 Module 24 complete the EPS system. 

The choice of motor type is a crucial one, because it determines 
the characteristics of the drive and the requirements on the power switching 
devices, controls, and consequently cost. Leading contenders are the Permanent 
Magnet (PM) brushless motor, the Permanent Magnet (PM) commutator-type, the 

20 Induction Motor (IM) and the Switched Reluctance (SR) motor, each of the four 
options has its own inherent advantages and limitations. The PM brushless motor 
is preferred, chosen on the strength of years of experimenting with commutator- 
type motors. The large motor size and rotor inertia of commutator-type motors 
limit their applicability to very small cars with reduced steering assist 

25 requirements. Additionally, the potential for brush breakage that may result in a 
rotor lock necessitates the use of a clutch to disconnect the motor from the drive 
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shaft in case of brush failure. SR drives offer an attractive, robust and low cost 
option, but suffer from inherent excessive torque pulsation and audible noise, 
unless special measures are taken to reduce such effects. For column assist 
applications, the motor is located within the passenger compartment and therefore 
5 must meet stringent packaging and audible noise requirements that the present SR 
motor technology may not satisfy. Therefore, the PM brushless motor with its 
superior characteristics of low inertia, high efficiency and torque density, 
compared to commutator motors, appears to have the potential for not only 
meeting the present requirements but also of future high performance EPS 

10 systems of medium and large vehicles. 

Motors that may be used for EPS systems are disclosed in US 
5,701,066, assigned to Matsushita (Induction motor); US 5,740,880, assigned to 
Ford (Induction motor); US 4,940,102, assigned to Mitsubishi (dc commutator 
motor); US 5,238,076, assigned to Renault (dc commutator motor); US 

15 . 5,889,378, assigned to Denso (dc commutator motor); US 4,868,477, assigned to 
Superior Electric (switched reluctance motor); US 5,475,289, assigned to TRW 
(switched reluctance motor); US 5,742,139, assigned to Dana (switched 
reluctance motor); US 4,934,472, assigned to Austin Rover (PM brushless 
motor); US 5,105,113, assigned to Hitachi (PM brushless motor); US 5,919,241, 

20 assigned to General Motors (PM brushless motor); US 5,982,067, assigned to 
General Motors (PM brushless motor); and Murthy, B. Derouane, B. Liu and T. 
Sebastian, 'Minimization of torque pulsations in a trapezoidal back-emf PM 
brushless DC motor", 1999 IEEE Industry Applications Conference Annual 
Meeting, 3-7 October 1999, Phoenix, AZ; the disclosures of all of which are 

25 incorporated by reference herein in their entirety. 

Despite the relatively low levels of torque ripple and noise of EPS 
systems using conventional motors, they are no match for the smoothness and 
quietness of traditional hydraulic power steering with its decades-long history of 
development and refinement. Consumers are reluctant in compromising such 

30 features. Therefore, a new torque ripple free (TRF) system is needed that, as the 
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name indicates, eradicates the sources of torque ripple (under ideal conditions) 
and reduces the noise level considerably. The near term goal is to enhance the 
performance of EPS systems with the long term objective of increasing 
acceptability of EPS systems for broader usage. 
5 Several performance and cost issues have stood in the way of 

broad-based EPS commercialization regardless of the technology used, but with 
varying degree of difficulty. The prime performance issues are steering feel and 
audible noise. 

Steering Feel: The key to the wider use of EPS is the ability to 
10 reproduce the smoothness feel of hydraulic steering systems at affordable prices. 
Pulsating torque produced by motors would be felt at the steering wheel, if not 
reduced to very low levels. 

Audible Noise: The EPS audible noise is mainly emanating from 
the motor and gearbox. The gear noise is mechanical and is the result of lash 
1 5 caused by manufacturing tolerances. The motor-caused noise is mainly a result 
of structural vibration excited by torque pulsation and radial magnetic forces in 
brushless motors and, additionally, by the commutator/brush assembly in 
commutator motors. 

In order to better appreciate the elements of the new scheme, a 
20 more detailed discussion about the torque ripple and noise generation 

mechanisms with a focus on PM brushless motors is presented in the following 
sections. 

Torque Ripple Causes and Remedies 

25 Torque ripple is the primary cause of imperfect steering feel. 

There are two sources for torque ripple in conventional PM brushless motors, 

namely cogging torque and commutation torque. 

The cogging torque (also known as detent torque) is caused by the 

magnetic interaction between the permanent magnets and the slotted structure of 
30 the armature. It exists in both brushless and brush-type machines at all speeds 
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and loads, including no-load. The magnetic attraction force exerted on each 
individual stator tooth, as the magnet leading edge approaches, produces a 
positive torque, while the force between the tooth and the trailing edge causes a 
negative torque. The instantaneous value of the cogging torque varies with rotor 
5 position and alternates at a frequency that is proportional to the motor speed and 
the number of slots. The amplitude of the cogging torque is affected by some 
design parameters, such as slot opening/slot pitch ratio; magnet strength; and air 
gap length, while its profile could be altered by varying the pole arc/pole pitch 
ratio. Careful selection of these parameters can lead to reducing cogging torque, 

1 0 but this approach is limited by practical and performance constraints. 

A more common and effective approach is by skewing either the 
stator teeth or the rotor magnet longitudinally, which provides for a gradual 
transition as the magnet moves under a stator tooth. Theoretically, a skew 
amount of one slot pitch should eliminate cogging. However, due to practical 

1 5 factors such as magnetic leakage end effects, skew variation attributable to 
tolerances, and eccentricity, some undesirable cogging remains. 

The commutation torque ripple results from the interaction of the 
harmonic contents of the stator currents and rotor field, as the instantaneous 
torque is proportional to the product of the stator current and induced voltage. 

20 Typical current and voltage waveforms in a conventional PM brushless motor are 
shown in Figure 2A. The trapezoidal voltage waveform 32 results from a 
magnetic field distribution in the air gap, which is nearly constant under the 
magnet poles and changing polarity between poles as in most PM machines. The 
double-hub shape of the current waveform 34 is caused by current switching 

25 (commutation) between the motor three phases in a typical six step inverter. 
Operating in a current limiting mode and using pulse width modulation (PWM) 
techniques may result in a more square-shaped current, 40 based on the desired 
duty cycle, as illustrated in Figure 2B. In either case, 36 and 46 the resulting 
torque ripple alternates at six times the fundamental frequency of the motor 

30 current. Using a higher number of phases or switching steps (e.g. 12 instead of 
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6) can result in reduced torque ripple content, but requires more switching 
devices or position sensing elements and increases the cost. There are other less 
costly torque ripple reduction techniques for PM brushless motors, such as 
current shaping and phasing. However these techniques are highly dependent on 
5 the individual machine parameters, which can vary widely in a high volume 
production environment due to manufacturing variations and tolerances. 

Using a sinusoidal system, 50 as described below, substantially 
eliminates commutation ripple. This is because sinusoidal currents flowing in 
three phase windings, especially when they interact with induced voltages of a 
10 sinusoidal waveform, produce a constant and smooth torque 56 as illustrated in 
Figure 2C and discussed further below. 

Audible Noise 

The noise generation mechanism in a conventional PM brushless 

1 5 motor is multifaceted: The main contributor to the motor noise is the structural 
vibration excited by torque pulsation. Causes and remedies of torque pulsation 
have been discussed above. The TRF concept disclosed below substantially 
eliminates the torque ripple and thus the origin for this noise contributor. 

Noise is also generated by the structural vibration excited by the 

20 radial magnetic forces. These are forces exerted by the magnets on the individual 
stator teeth in a conventional motor, causing the stator structure to cyclically flex 
and vibrate as the magnets rotate within the stator bore. A toothless 
configuration as embodied in the TRF concept will not experience such forces 
and the associated noise. 

25 The high frequency components of the stator non-sinusoidal 

currents and those introduced by the PWM current or voltage control of EPS 
motors produce magnetic fields and forces that cause the laminated structure of 
conventional brushless motors to vibrate at these frequencies producing an 
audible noise known as magnetic whine. The absence of laminations in the TRF 

30 concept will eradicate this noise source. 



WO 02/20293 



PCT/US00/24416 



9 



Another source of audible noise is windage. Substantial air 
movement through the motor air gap can cause an audible whistling. This air 
flow is the result of nonuniform gaps between stator teeth and/or magnet arcuates 
with interpolar air passages. A smooth cylindrical structure as proposed in the 
5 TRF concept will reduce such windage noise. 

The motor bearings can also contribute to audible noise. This 
contribution is insignificant for a motor that produces smooth torque and minimal 
torque pulsation. 

It is preferred that all of the following features be used in the 

10 electric motor of the invention, though it should be understood that some may be 
used independently of the others in a manner still useful in reducing torque ripple 
and noise: (1) Sinusoidal drive; (2) Slotless airgap windings; (3) Higher • 
resolution position sensors; and (4) Powder iron composite parts. How to 
combine all of these features economically is another feature of the invention, but 

15 first it will be useful to describe exemplary available technology for slotless 

airgap windings and powder iron manufacture that may be used in the invention. 
By "sinusoidal drive" is meant the combination of a sinusoidal inverter with * 
sinusoidally magnetized permanent magnets, or, more to the point, with magnetic 
fields created by permanent magnets and distributed sinusoidally in the airgap, as 

20 will be described in greater detail below. A sinusoidal drive eliminates 

commutation torque, though cogging torque remains unaffected. Nevertheless, a 
sinusoidal drive may eliminate as much as 60% of the total torque ripple. 



SINUSOIDAL DRIVE 

An important element of the present invention is the use of sinusoidal 
25 currents to eliminate commutation torque ripple in power steering systems. In 
itself, the use of sinusoidal currents in permanent magnet (PM) machines is 
known. Such machines are called "synchronous permanent magnet machines" to 
distinguish them from << brushless dc machines" which typically use trapezoidal or 
square current waveforms. 
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The present application teaches cost-effective ways to use a PM machine 
driven by sinusoidal currents in order to eliminate torque ripple in a power 
steering system. Heretofore, PM synchronous machines have been generally 
considered to be high performance, but high cost, drives, thus inapplicable to 
5 automotive applications such as power steering systems. The present invention 
retains the desired high performance, particularly low torque ripple, but at a 
moderate price. For instance, an important cost item is the position encoder. 
These drives require a position encoder because the production of sinusoidal 
currents requires the knowledge of the actual position of the rotor at all times. 

10 Usually, this is achieved with absolute position encoders, resolvers, etc., which 
are typically expensive because they typically require multiple sensing channels 
(to obtain a grey code pattern, for instance), or more elaborate electronics in 
resolver-type encoders. 

In this invention, it is shown that, while absolute position knowledge is 

15 needed for sinusoidal drives, absolute position sensors are not. The same result 
can be obtained with an incremental sensor complemented by an index pulse. 
The advantage is that incremental sensors are much simpler and much less 
expensive. Using simple logic, the index pulse transforms the incremental pulse 
information into an absolute position, except, notably, at power-up. During 

20 power-up, and as explained later, the proposed system relies on an approximate 
absolute sensing scheme, based on a conventional "commutation" sensor. The 
present invention thus does not need memory back-up when the drive is shut 
down. 

25 Slotless Airgap Windings 

An example of slotless airgap windings suitable for use in the 
invention is disclosed in Schultz, et aL, US 4,868,970, for a METHOD OF 
MAKING AN ELECTRIC MOTOR, issued September 26, 1989, the disclosures 
of which are incorporated by reference herein in their entirety. 
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The Schultz patent discloses the use of high energy magnets. A 
first inclination of a servo motor designer with a new high energy permanent 
magnet material would be to simply use it as a replacement for other permanent 
magnets and to expect improved performance, but this is not necessarily the case. 
5 Oddly, a similarly designed motor replacing samarium-cobalt magnets with high 
energy product NdFeB magnets may result in some instances in a motor with 
significantly lower peak torque in a range unsatisfactory for high performance 
servo applications. At room temperature NdFeB magnets, like samarium-cobalt 
magnets, do not show any significant demagnetization characteristics. At 

10 elevated temperatures above 100° C. and particularly at temperatures above 140° 
C, however, the coercivity of the NdFeB magnet falls offrapidly beyond a 
"knee" and, hence, demagnetization can occur. Because the demagnetization 
force applied to the magnet is proportional to armature current, a conventional 
design using NdFeB magnets will have limited peak current and, therefore, low 

1 5 peak torque despite the higher energy product magnets. 

Conventional slotted designs also impose limitations on the air gap 
flux density because of the saturating characteristics of the iron in the teeth 
between slots. To increase the flux density would require wider teeth, which in 
turn would result in narrower slots and fewer copper windings. Because of the 

20 tradeoff between iron in the teeth and copper in the slots, such designs usually 
limit the permanent magnet flux density in the air gap to about 7 kilogauss. The 
permeance of the magnetic circuit determined by the magnet length compared to 
the air gap length is typically in the range of 4-6 in prior servo motor designs. 
Substitution of high-energy product magnets is also likely to result in magnets 

25 that are impractical to make or handle during fabrication. 

According to the Schultz patent, however, it was found that the 
benefits of the new high energy product magnets (above 26 MGOe and 
preferably above 30 MGOe) can be realized by using a slotless design provided 
certain design parameters are observed. The stator winding is a multi-phase 

30 winding contained wholly within the magnetic air gap so that there are no . 
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saturation constraints in the magnetic circuit and flux densities above 7 Jrilogauss 
in the air gap can be used. The ratio of the magnet length to the gap length is in 
the range of 0.5 to 2.0. The ratio of the interpolar distance to the radial gap 
length is greater than 1.3. By staying within these design parameters, motors can 
5 be designed using the high energy product magnets without danger of 
demagnetization and with significantly increased power and torque due to 
reduced inductance which provides more torque/power at high speeds, and lack 
of reluctance torque and cogging. 

A comparison of samarium-cobalt (Sm2 COn) magnet servo 
10 motors with motors of comparable size and weight made according to the Schultz 
patent invention indicates about a 70% increase in the dynamic continuous torque 
speed output performance and about an 80% increase in the intermittent 
performance. 

In order to achieve the improved results it is important to properly 
1 5 secure the winding within the surrounding back iron cylindrical shell that 

provides the flux return path. Because the stator teeth are eliminated the winding 
must be secured to the stator structure with sufficient adhesion to withstand the 
maximum motor torque force throughout a range of operating temperatures. The 
winding must be rigid because movement of the conductors adversely affects the 
20 ability to generate torque. 

Also, heat must be dissipated from the windings. According to the 
Schultz patent the winding is encapsulated and bonded to the cylindrical stator 
shell by a ceramic filled epoxy selected to provide (1) a good mechanical strength 
(i.e., compressive strength, tensile strength, tensile shear), (2) good thermal 
25 conductivity, and (3) a coefficient of thermal expansion equal to or greater than 
that of other material in the stator structure. A suitable material is Nordbak 745 1- 
0148/7450-0027 epoxy made by Rexnord Chemical Products, Inc. Another 
suitable material is Stycast 2762 made by Emerson and Cummings, a division of 
W.R. Grace & Co. 
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The Schultz patent further includes a method for assembling a 
motor with the winding in the air gap. The winding is formed using a cylindrical 
support with a reduced diameter section at one end. In one embodiment a 
fiberglass sleeve is placed around the cylindrical support in the uniform diameter 
5 portion and thereafter preformed coils are placed in position. It is understood that 
the fiberglass sleeve is not necessary to support the coils and that other 
embodiments do not use a sleeve. 

The Schultz invention is a disc drive data storage system having a 
motor with an "ironless" stator winding. The spindle motor includes a housing, a 

10 stationary member and a rotatable member. A bearing interconnects the rotatable 
member with the stationary member such that the rotatable member is rotatable 
about a central axis. A magnet is attached to the rotatable member and forms a 
portion of a rotor for the spindle motor. The "ironless" stator winding is coaxial 
with the rotor magnet and provides a rotating magnetic field that drives the rotor 

1 5 magnet. In one embodiment, the spindle motor further includes a hydrodynamic 
bearing and a magnetic field focusing member or back-iron that is attached to the 
stator winding. The back-iron concentrates the magnetic flux that is generated by 
the stator winding. The stator winding is "ironless" in that the back-iron is 
external to the winding. There is no stator core or other magnetic material within 

20 the stator winding. In another embodiment, the spindle motor includes first and 
second rotor magnets disposed about the stator winding. In yet another 
embodiment, the hydrodynamic bearing is integrated with the motor such that the 
bearing has a first bearing surface formed by the first rotor magnet and a second 
bearing surface formed by the stator winding. 

25 The combination of the hydrodynamic bearing and the "ironless" 

stator winding reduces the forcing functions that give rise to pure tone vibrations 
in data storage disc drives. Hydrodynamic spindle motors are much quieter than 
spindle motors having mechanical bearings. It has been found through 
experiment, however, that pure tone vibrations become more noticeable in 

30 hydrodynamic spindle motors because the background vibration level is lower. 
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The pure tone vibrations are no longer hidden in the background. With the 
"ironless" stator winding, permeance variations in the stator are significantly 
reduced, which reduces excitation of the pure tone vibrations. The result is a 
hydrodynamic spindle motor that is capable of very quiet operation. 

5 

Powder Iron Parts 

Rutz, et al, United States Patent No. 5,063,01 1, for DOUBLY- 
COATED IRON PARTICLES, issued November 5, 1991, discloses a method of 
doubly-coating iron particles to form a composition useful in the preparation of 

1 0 magnetic components having constant magnetic permeability over an extended 
frequency range. The disclosures of the Rutz patent are incorporated by reference 
herein in their entirety. The method comprises treating the iron particles with 
phosphoric acid to form a layer of hydrated iron phosphate at the surfaces of the 
iron particles, heating the iron particles in an inert atmosphere at a temperature 

15 and for a time sufficient to convert the hydrated layer to an iron phosphate layer, 
and coating the particles with a thermoplastic material to provide a substantially 
uniform, circumferential coating of such material surrounding the iron phosphate 
layer. 

Mixtures of doubly-coated iron particles for molding high 
20 frequency magnetic components are also disclosed in the Rutz patent. The 
mixtures comprise iron core particles having a weight average particle size of 
approximately 20-200 microns, wherein the particles have a layer of iron 
phosphate at their surfaces and a substantially uniform circumferential coating of 
a thermoplastic material surrounding the iron phosphate layer. In preferred 
25 embodiments, the thermoplastic material constitutes about 0.2% to about 1 5.0% 
by weight of the coated particles. 

Versic, Ronald J., United States Patent No. 5,069,972, for a 
MOLD ABLE MICROCAPSULE THAT CONTAINS A HIGH PERCENTAGE 
OF SOLID CORE MATERIAL, AND METHOD OF MANUFACTURE 
30 THEREOF, issued December 3, 1991, the disclosures of which are incorporated 
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by reference herein in their entirety. Disclosed in the Versic patent is a 
microcapsule that has a high loading factor of solid core material and can be 
molded with like microcapsules into a solid body at least 75% of which 
comprises the solid core material. Also disclosed is a reservoir microcapsule that 
5 has a thin, yet strong, protective inner layer of parylene as a primer coating well 
suited to join to itself a layer of thermoplastic material that molds well with the 
corresponding layer of thermoplastic material of like microcapsules. 

The Versic patent teaches a microcapsule that has multiple 
hydrophobic layers of coatings around a solid core particle, an inner one of which 

10 coatings is conformal to the surface of the core particle, is pinhole-free, is built 
up by molecular deposition, and can be built up to any desired thickness. 

The Versic patent also teaches a microcapsule that has a solid core 
of magnetic material coated by a layer formed by molecular deposition of free 
radicals of a monomer that polymerize to form a conformal, pinhole-free layer on 

15 the surface of the solid core particle, the radicals being non-reactive with the 
surface. 

The Versic patent also teaches a microcapsule having multiple, 
hydrophobic coating layers encapsulating a solid inner particle, the inner layer 
being a pinhole-free, electrically insulating layer conformal to the surface of the 

20 particle and having ,a higher melting temperature than a layer external to it, 

Ih the Versic patent solid particles, which may or may not have 
ferromagnetic properties and which have a diameter in the range from about a 
micron to as much as about 500 microns, are encapsulated by a pinhole-free layer 
of a poly-para-xylylene, known by the generic name of parylene. This layer is 

25 formed over the entire surface of each solid particle by molecular deposition of 
free radicals of parylene monomer that polymerize in place on the surfaces as the 
particles are tumbled in the presence of a cloud of the monomer. The parylene 
layer can be deposited using the techniques and apparatuses shown and described 
in United States Patent Nos. 4,508,760 and 4,758,288, the disclosures of which 

30 are incorporated by reference herein in their entirety. The initial molecular layer 
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of the polymerized parylene thus produced conforms exactly to the configuration 
of the surface of each particle as a strong and unbroken electrically insulating 
barrier to the passage of oxidizing materials or to the electrical current that would 
be necessary for oxidation, or corrosion, to take place. The pinhole-free parylene 
5 is not only an unbroken insulator over the whole core particle but a good primer 
coat to tie the next encapsulating layer to the parylene-coated core particle. 

In accordance with the Versic patent, the next layer can be any 
thermoplastic or heat-curable resin capable of serving as a binder when the 
microcapsules are later formed into a shaped structure, e.g., ABS, epoxy, nylon, 

1 0 polyethylene, polypropylene, polysulfone, polyethersulfone, 

polyetheretherketone, and phenolic resin and others. Polysulfone and 
polyethersulfone have been found to be particularly satisfactory. Preferably, the 
binder material should also serve as a lubricant in the process of forming a 
shaped structure. It is important that the temperature at which the binder material 

1 5 can be shaped into a desired structure be lower than the melting temperature of 
the parylene used so that the effectiveness of the latter as a barrier layer will not 
be adversely affected by any heat required in the shaping process. 

Torque-Ripple-Free (TRF) Motor 

20 Referring to Figure 3, there is illustrated an embodiment of a TRF 

motor of the invention. There is depicted a novel stator with (a) a slotless air gap 
winding 68 and (b) a composite iron yoke 70, preferably made from powdered 
iron, that also acts as a housing. A novel rotor is disclosed having a (c) high, 
energy magnet 66 that is sinusoidally magnetized, (d) a molded composite plastic 

25 shaft 62, and (e) a new higher resolution position sensor with magnetoresistive 
sensing elements and steel wheels. The motor will preferably be driven with a 
sinusoidal inverter. The combination of sinusoidal inverter, sinusoidally 
magnetized magnets, and position sensor is what is referred to in this 
specification as the "sinusoidal drive." 
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The coils of the slotless winding are typically prewound separately 
on mandrels using high speed winders, arranged in the desired 3-phase 
configuration, then placed, pressed and glued onto the inside surface of a 
cylindrical stator yoke or flux carrier. A suggested winding for the TRF motor is 
5 built by ELINCO, Inc., which holds Hendricks, H.F., US 4,556,81 1, for COIL 
UNIT AND COIL FORM FOR ELECTRICAL MACHINES, issued December 
3, 1985, on the process for making such windings, the disclosures of which are 
incorporated by reference herein in their entirety. 

It should be emphasized, however, that the absence of iron teeth as 

10 part of the magnetic circuit is not generally desirable because it weakens the 
magnetic circuit. The consequences are thicker and more expensive magnets, 
which also increase the rotor inertia. More turns of the stator windings are also 
required, which results in higher resistance losses. Therefore, this choice is only 
taken if the benefits, namely cog elimination and sinusoidal field in this case, 

15 outweigh the penalties. The results of these trade-offs can lead to one of the 
alternate configurations described below. 

Instead of using a laminated stator yoke around the winding as a 
flux carrier and then placing the armature assembly inside an aluminum housing, 
the winding in the exemplary embodiment is housed directly into a one-piece 

20 composite iron cylinder, 70. A microencapsulated powder iron material features 
a low electrical conductivity and reasonable magnetic and mechanical properties. 
The low conductivity eliminates the need for laminations. The magnetic 
properties are adequate to carry the magnetic flux circulating between the poles, 
and the mechanical strength is improved by postbaking to withstand the high- 

25 pressure forces exerted during assembly of the winding into the housing. As 
mentioned earlier, this simple stator construction presents a cost advantage that 
defrays some of the added cost in the magnet and sensor. 

The rotor will most preferably use high energy product (e.g., Nd- 
Fe-B) ring magnets. The ring magnets are preferably assembled onto the rotor in 

30 an unmagnetized state for ease of assembly and then magnetized in place. Using 
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ring magnets, instead of several magnet arcuates that need to be properly spaced 
and retained, may lower cost for brushless motors in high volume applications. 
One of the challenges in using high energy ring magnets is the difference in the 
thermal expansion coefficient of the magnet and the steel core usually attached to 
5 it, which result in excessive hoop stresses in magnets leading to their failure 
under temperature cycling conditions. To overcome this problem, a proprietary 
process for attaching the magnet to its core has been developed and successfully 
applied to the TRF motor and many other prototype motors. 

The magnets are magnetized sinusoidally, as shown in Figure 4 

10 for the field measured over the magnet surface. The deviation from an exact 
sinusoidal is not crucial in a machine with an air gap winding because the 
harmonic content is filtered out as the field travels through the large magnetic gap 
(winding) region. Magnetizing a magnet sinusoidally does not constitute any 
additional cost compared to conventional trapezoidal magnetization because it is 

1 5 only a matter of using the appropriate magnetizer geometry. The penalty, 

however, is that the amount of useful flux provided by the magnet is estimated to 
be about 18% less than in an equivalent trapezoidally magnetized magnet. In 
other words, to realize a given amount of flux with a sinusoidally magnetized 
magnet, one would need 18% longer magnet (more cost) than with the 

20 trapezoidal case. 

Sinusoidally magnetized ring magnets mounted on the surface of 
the rotor constitute the preferred embodiment. However, the key to this invention 
is a permanent magnet assembly on the rotor that produces an essentially 
sinusoidal magnetic field waveform in the airgap. Other permanent magnet 

25 assemblies, other than ring magnets, are thus possible. They include, but are not 
limited to, surface mounted, sinusoidally magnetized magnet arcuates; so-called 
"Halbach" magnet arrays; and, various configurations of buried permanent 
magnet structures. 

Also, the use of sinusoidal currents in a machine with trapezoidal 

30 airgap magnetic field waveforms is possible. It may be an attractive trade-off in 
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some applications. It would lead to reduced torque ripple and noise compared to 
conventional systems, yet, at the same time, this approach would allow the use of 
conventional brushless dc motor rotors, a possible cost saving. 

The ring magnets and their flux-carrying core are placed over a 
5 shaft preferably made of composite plastic. For high-volume manufacturing, 
composite thermoplastic materials such as "ULTRAMID" made by BASF and the 
"ULTEM 2300" by GE, can be cost effective and easily molded to shape while 
integrating other structural components such as the worm and flux carrier during 
the molding process. The shaft will also carry the toothed wheels of the position 
1 0 sensor, whose sensing elements are housed on the stationary end bells. The 
sensor is described in more detail below. 

In order to generate motor currents with a sinusoidal shape, the 
inverter switching devices (MOSFETs, for instance) must be turned on and off at 
specific rotor angular positions. Therefore, the position of the rotor must be 
15 known at all times and an encoder is needed. This requirement is one of the 
factors adding to the cost of sinusoidal drives, hence traditionally limiting their 
application to high-performance applications. EPS is indeed a high-performance 
drive, yet it must meet stringent cost limits if it is to be practical for general 
automotive use. Therefore, a new type of encoder is used that combines high 
20 resolution and low cost. 

The two most popular ways to sense angular position are based on 
optical detection and magnetic field variation. Optical encoders are temperature 
limited and susceptible to dirt. Semiconductor-based magnetic sensors such as 
Hall effect sensors or magnetoresistors (MRs), on the other hand, can work at 
25 higher temperature, and are already used in automotive applications. 

Referring to Figure 5, there is shown a preferred angular position 
sensor 80 having a set of magnetoresistors 82 (MR) mounted on a stationary 
permanent magnet 84. The magnet faces a steel wheel 86 with several tracks, 88 
and 90, each of which has teeth and slots on its periphery. The teeth and slots 
30 modulate the magnet's field and these variations in magnetic field are sensed by 
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the MR's 82. The various tracks on the wheel allow the sensor to perforin 
several functions at the same time. A high resolution track 88 provides an 
incremental signal to enable the generation of sinusoidal currents in the motor. 
As can be seen, the high resolution track 88 is so named because it has many 
5 more teeth about its periphery than the low resolution tracks 90, and it's 

corresponding MR is designated the incremental position sensor 82i. The three 
other tracks 90 provide absolute signals every 60 electrical degrees and their 
. associated MR's are designated the absolute position sensors 82a. These absolute 
signals are used for motor commutation, that is, to direct the current to the 

10 appropriate phases, which is important at start-up. 

An encoder for a TRF device needs to have the highest resolution 
possible while keeping the sensor simple enough for low cost. The more teeth on 
the wheel periphery, the higher the resolution. There is, however, a practical 
limit to increasing the number of teeth. This limit is caused by the fact that it is 

15 difficult to locate the magnet much closer than 1 .5 mm away from the target 
wheel in order to allow for the MR thickness and protective layers on both the 
magnet and the MR surface, and to provide some clearance between the sensor 
and the target wheel. If the features on the wheel periphery are much smaller 
than the gap between the magnet and the wheel, the magnetic field modulation is 

20 insignificant and the signal generated is too small to be useful. The sensor 
resolution is therefore proportional to the sensor wheel diameter. In this 
particular application, a single MR would provide approximately 4 mechanical 
degrees resolution, which is not sufficient. Therefore, several MRs are used to 
generate additional signals and increase resolution to a satisfactory level. 

25 The difficulty in designing a sensor with multiple MRs resides in 

the fact that the MR signals must all be of similar magnitudes. An MR signal is, 
typically, an oscillating signal with a dc bias. In order to obtain the final square- 
wave signal output, the dc bias must be eliminated. The resulting signal zero 
crossings are then used to trigger a flip-flop and generate a square wave. The dc 

30 bias, however, is difficult to predict as it varies with air gap, wheel concentricity, 
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temperature, doping of the MR material, etc. The MR signals are, therefore, best 
compared with one another as this provides automatic, internal compensation for 
many of these variations. For such a comparison to be possible, the sensor must 
be designed to ensure maximum uniformity among the various MRs. A 
5 configuration with an array of several MRs facing the same track is chosen. An 
exemplary number is four. With this approach the MR chips are located close to 
one another, therefore ensuring air gap and magnetic field uniformity. In 
addition, the various MRs may be designed to come from essentially the same 
location on the semiconductor wafer from which they originate, thus minimizing 

10 MR material variations. The comparison between the various MRs and the 

elimination of the dc bias is achieved as follows. The MRs located at both ends 
of the MR array are spaced exactly one half of a tooth pitch apart, so that their 
signal output is half a period out of phase. Averaging their output, therefore, 
yields the dc bias. This provides a resolution of 1 .25 mechanical degrees (2.5 

15 electrical degrees with 2 pole-pairs). The testing of the overall drive established 
that this resolution is sufficient for this application. 

Referring to Figures 6 and 7, in order to ensure that the four MRs 
are biased by as uniform a field as possible, a thin ferromagnetic layer (on the 
order of 0.1 3 -mm thick) is placed on the magnet surface below the MR array. 

20 The effect of a ferromagnetic layer is shown in Figure 6, where there is plotted 
the results of a test conducted on a stationary magnet with and without a 
ferromagnetic layer. The magnetic flux density was measured across the magnet 
surface in the presence of a steel target emulating the target wheel. Figure 7 is 
illustrative of the experimental set up. Without a ferromagnetic layer, the flux 

25 density pattern is dome shaped. With a four-MR array where the MRs are 0.5 
mm apart, there would be a 1% difference in magnetic bias between adjacent 
MR's. With a ferromagnetic layer, the magnetic bias is identical, and this 1% 
variation is eliminated. The ferromagnetic layer may simply be the leadframe 
used to hold the MRs and connect them to the outside. 
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In the preferred embodiment, magnetic-based sensors are used, rather than 
optical sensors, mostly for temperature reasons as well as because optical sensors 
are susceptible to dirt. Various magnetic sensors are also possible, in a variety of 
configurations. For instance, Hall sensors can sense a pattern of North and South 
5 poles imprinted on a moving permanent magnet assembly. Electrical coils can 
also be designed to use the variable reluctance principle, or to sense varying self 
or mutual inductances. Magnetoresistors were chosen in the preferred 
embodiment because of their higher temperature capability, as well as higher 
intrinsic signals compared to that of Hall sensors. The particular configuration 

10 herein described was chosen because it groups all the active sensing elements 
close to one another on a single surface, that of a stationary permanent magnet, 
and this an important cost lowering factor. However, various modifications to 
the above are possible, including combinations of different technologies. For 
instance, a Hall sensor-based commutation sensor (readily available 

15 commercially) could be used, in conjunction with an MR-based, Hall effect- 
based, or sealed optical encoder mounted separately on the unit. Finally, various 
known methods, such as "phase-lock loop", maybe used to enhance the 
resolution of the sensor signal. 

Whatever the specific design configuration, the essential elements 

20 of the encoder described above, as they pertain to the present invention, are: 
First, the use of an incremental encoder complemented with an 
index pulse to obtain at low cost absolute position during operation, other than 
during the motor power-up phase. The power-up phase comprises the phase of 
initial rotation of the steering motor. A power-up phase may be deliberately 

25 performed, as a way to initialize the system, when the vehicle in which the 
system is installed is first started. 

Second, the use of an approximate absolute encoder to obtain 
coarse, but absolute, position information during the motor power-up phase, and 
generate the desired index pulse at other times. 
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Specifically, in the preferred embodiment, the approximate 
absolute encoder comprises a set of three "commutation" sensors, where 
"commutation sensor" should be understood as they are used in conventional 
brushless dc motors. 

5 A gear reducer is much preferred in the EPS system to magnify 

the torque produced by the electric motor to the level required to assist the 
vehicle steering effort. The higher the gear ratio, the smaller the motor size and 
cost. This is particularly desirable with the slotless configuration of the TRF 
concept, which inherently penalizes the permanent magnet weight and cost. Gear 

10 drives particularly well suited for this application include, but are not limited to, 
worm gear drives, harmonic gear drives, hypoid gear drives, and face gear drives. 

The torque produced by the TRF-EPS motor can be controlled by 
either controlling the amplitude and phase of the sinusoidal winding currents 
(current-mode control) or by controlling the sinusoidal applied voltage (voltage- 

15 mode control). Both control approaches have been implemented and evaluated 
for this invention. 

In current-mode control, where the currents are controlled to be 
in phase with the back-emf voltages, the torque produced is directly proportional 
to the amplitude of the current reference. Current-mode control requires phase 

20 current feedback and proportional-integral (PI) control in order to achieve high 
accuracy. Current-mode control provides the advantages of maximum torque per 
ampere, lower torque ripple, fast and precise torque control, inherent overcurrent 
protection and insensitivity to motor speed and parameter variations. The main 
drawbacks of current-mode control are the requirements of at least two isolated 

25 current sensors and a more complex controller for implementing a fully digital 
current-mode controller. 

In voltage-mode control, the torque produced depends on the 
motor speed and the machine parameters. For the. simple case where the applied 
voltages are in phase with the back-emf voltages, the steady-state torque is given 

30 by: 
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10 



Te = K2 * (V - Ke*©) * R/(R 2 +a> 2 L 2 ) (1) 

where K2 and Ke are constants; co is the electrical frequency; R is the winding 
resistance and L is the machine synchronous inductance per phase. This equation 
indicates that the torque for a given voltage is a non-linear function of the speed. 
For a TRF-EPS motor, because of the large magnetic air gap, the inductive 
reactance is smaller than the resistance, which can lead to simplification of the 
torque equation as: 

Te = K2*(V-Ke*a>)/R (2) 



la order to achieve constant torque, the applied voltage must be 
controlled as a function of speed and machine parameters R and Ke. The 

15 voltage-mode control does not require current feedback and hence is simpler to 
implement. However, clean speed feedback signal (free of noise) and knowledge 
of machine parameters are essential in order to achieve accurate torque control. 
Once the amplitude of the reference voltage V is calculated based on the torque 
command, the P WM duty cycles are generated as explained later. A simple 

20 implementation of the voltage-mode control without the speed term, Equation 

(2), would cause the torque to drop faster than desired at high speeds to produce a 
good road feel 

Referring to Figure 8, the EPS Controller Power Stage, is similar 
to that of conventional trapezoidal-motors with the exception of the phase current 

25 sensors. The three-phase full-bridge inverter, 100 uses power MOSFET switches 
102 in order to minimize the switching losses at high switching frequencies. 
Power is connected through a relay 104 in series with the positive side of the 
battery to the input of the inverter. The relay can be opened in case of a fault, 
thereby isolating the battery from the inverter. Boot-strap gate drive circuits 106 

30 are used to drive the N-channel MOSFETS 1 02. This method eliminates the need 
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for costly, isolated power supplies and level shifters for driving the upper - 
channel MOSFETS. The ON/OFF control signals to the gate drive circuits are 
generated by the digital controller as explained later. The PWM switching 
frequency of the MOSFETS is set to approximately 19 kHz, so that audible noise 
5 due to inverter switching is minimized. High switching frequency is also 

necessary in the case of TRF-EPS motor to minimize the current ripple because 
the motor inductance is very low due to air-gap winding. 

In the current control mode, the TRF-EPS 10 system requires two 
phase current sensors 108 with matched gain and zero offset, in order to control 

10 the motor torque precisely. Because the three phase currents add to zero in a Y- 
connected motor, the third phase current can be obtained from the other two 
phase currents. While a precision resistor can be used for current measurement, it 
is not favored in this case because the signal to noise ratio in a PWM inverter is 
very poor. Instead, the power stage uses two, low cost, open-loop Hall-Effect 

15 current sensors at its output, which provide isolated current feedback signals. 
Each current sensor 108 comprises a linear Hall sensor placed in the gap of a 
ferrite toroid, with a single turn of the current carrying conductor passing through 
the center of the toroid. An op-amp is used at the output of the sensor to adjust 
the gain and offset. Each sensor is calibrated to provide 2.50V at zero current (to 

20 be compatible with the input of the A/D converter) and an incremental signal of 
20 mV/A. The linear range of the current sensors is -100A to +100A, for which 
the sensor output ranges from 0.5V to 4.5V. Both sensors can be calibrated for 
gain and zero offset simultaneously in a production environment with standard 
laser trimming techniques. 

25 Conventional analog implementation of sinusoidal PWM is 

realized by comparing a triangular carrier wave at the switching frequency, with a 
sine wave reference signal, where the crossover points determine the instants of 
switching the inverter power devices. High carrier frequency (>20 times that of 
the reference) assures low harmonic distortion even when the carrier signal is not 

30 synchronized with the reference waveform. The amplitude of the fundamental 
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output voltage is varied by varying the amplitude of the reference signal relative 
to that of the carrier. For a three-phase PM motor, three sinusoidal reference 
signals are needed that are synchronized to the motor back-emf using the rotor 
absolute position information. However, analog methods suffer from gain and 
5 offset drift problems. Further, the sinusoidal current control of the TRF-EPS 
motor requires a lot of non-linear elements such as multipliers, trigonometric 
function generators etc. Implementing them in analog hardware is expensive and 
makes the controller tuning more difficult 

Therefore, it is found that an all-digital controller implementation 

10 is a more practical proposition. With the all-digital approach, the PWM signals 
are generated by digital comparators fed by digitally synthesized carrier and 
reference signals. 

Referring to Figure 9, the all-digital controller hardware 110 
generally comprises a TMS320C14 DSP chip operating at 25 MHz, 112 a 4- 

15 channel, 3 Ns, 10-bit analog to digital converter (ML2375), 114 with 2-channel 
simultaneous sampling capability, a Programmable Logical Device (PLD) for 
absolute position-detection and address decoding (explained later), 116 two 
current sense amplifiers and a serial DAC interface to the system controller. The 
DSP chip contains high speed ALU that can multiply two 16-bit numbers in 160 

20 ns, 4K of EPROM for program storage, 1 1 8, 256 bytes of data RAM, 6 channels 
of digital PWM comparators 122 and two timer counters for speed measurement 
124. Other peripherals included in the controller are an RS-232 serial interface to 
a host computer 126 and a 256-byte EEPROM 120 for storing system parameters 
such as the index position offset and the current loop integral and proportional 

25 gains. 

For the experimental hardware built, the operating mode can be 
selected to be either voltage-mode or current-mode, using an external switch 128. 
The torque command is received as an analog signal via the serial DAC 118 and 
is digitized by the A/D converter 1 14 along with the current feedback signals. 
30 The DSP 112 reads the rotor absolute position from the PLD, the torque 
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command and feedback currents from the ADC and using the proper algorithm, 
generates the 3-phase PWM signals using internal digital comparators. These 
PWM signals are further processed by the PWM output logic to insert a dead- 
time between the top and bottom MOSFET control signals before applying them 
5 to the gate drive circuits on the power stage. The entire control algorithm 

execution time is less than 100 |isec and has proven to be fast enough to achieve 
pure sinusoidal currents and low torque ripple. 

As explained above, the rotor position sensor used in the TRF-EPS 
system provides an incremental high resolution signal (obtained by combining 

1 0 quadrature signals EA and EB) with 2.5 0 resolution (electrical), a direction signal 
(derived from quadrature signals EA and EB, from ways known in the art, and 
not shown) and three commutation signals (HI, H2, H3) that provide absolute 
position information with 60° resolution, as illustrated in Figure 10. Here and in 
Figure 10, "degrees" must be understood as "electrical degrees". 

15 It is therefore necessary to derive the absolute position using these 

signals. This is achieved by deriving an index pulse from the three commutation 
signals (HI, H2, H3), and combining it with the incremental signal. That is, each 
time the system generates an index pulse, position is reset, then it is adjusted 
according to the incremental signal. More specifically, the direction of rotation 

20 signal is used to add, or subtract, one step each time that an incremental signal is 
generated. 

The index pulse may be derived as follows. First, a zero reference 
angle must be chosen. For instance, one may choose the positive zero crossing 
of the back-emf of phase A ,when the motor is rotating in the forward direction, 

25 as the zero reference angle.. Then, the controller is designed in such a way that 
one of the transitions in signals (HI, H2, H3) corresponds to that zero reference 
angle. This can be achieved by first placing the sensor during assembly so that 
signal HI (for instance) corresponds to the back-emf of phase A, and also by 
placing it in such a way that the transitions in signal HI from level 0 to level 1 

30 (and vice-versa) correspond to the zero crossings of that back-emf. 
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Which one of these two transitions, either the rising edge or the 
falling edge, corresponds to the chosen zero reference angle depends on the 
direction of rotation. If, during clockwise rotation, the rising edge corresponds to 
the zero reference angle, then the falling edge corresponds to the zero reference 
5 angle during counterclockwise rotation. Therefore, the direction-of-rotation 
signal is used to discriminate which one of the rising or falling edges of HI is the 
zero reference angle. 

The method adopted for determining the absolute position then 

uses an 8-bit up/down position counter that counts the high resolution pulses 

i 

10 using the direction signal to determine whether to count up or down. The 
maximum count of this counter is set to 143, corresponding to 357.5°. 

At power-up, the counter is initialized with an angle value that is 
equal to the midpoint of the 60° sector determined by the three commutation 
signals. Thus the initial position can have a maximum error of ±30°. This 

15 illustrates the use of the three commutation sensors as coarse, but absolute, 

position sensors during power-up. This will result in a worst-case reduction of 
the initial torque to 86.6% of the commanded value. The controller can then 
switch over to sinusoidal current control as soon as a transition in either one of 
HI, H2 or H3 is sensed, or as soon as a first index pulse is generated. 

20 Considering the power-up phase more broadly, any coarse 

absolute position sensor could be used that would define large angular intervals 
such as the 60° intervals mentioned earlier. The system would then, at power-up, 
assume that the motor is in the middle of the sensed large angular interval, 
however wide or narrow it may be. Commutation sensors providing signals HI, 

25 H2 and H3 in Figure 10A are proposed here as the preferred embodiment because 
they are a technology commonly used with brushless motors. In a sense, this 
approach enables to start the system as a brushless motor using currents with 
square waveforms, and switch over to the more desirable sinusoidal control as 
soon as a transition in either HI, H2 or H3 is sensed, or as soon as a first index 

30 pulse is generated. 
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The position counter initialization logic is shown in Figure 10, 
where the rising edge of commutation signal HI is assumed to be aligned with the 
positive zero crossing of the back-emf of phase A for increasing angles. As 
mentioned earlier, once the motor starts rotating, transition of any commutation 
5 signal can be used for setting the rotor position counter to the absolute value, 
from which the counter can keep track of the position at 2.5° increments. 
Alternatively, only one commutation signal (HI) may be used for correcting the 
absolute position. This simplifies the logic and minimizes the effects of non- 
uniform spacing of the commutation signals. Thus the position counter is reset to 

10 0° on the rising edge of HI signal for increasing angles and preset to 357.5° on the 
falling edge of HI for decreasing angles. This scheme enables tracking of the 
absolute position within one electrical cycle from the time of starting the system. 
All the logic for detecting the absolute position is implemented in an Altera 
EPM5128 Programmable Logic Device (PLD). The position counter 

1 5 initialization and reading of the absolute position is carried out by the DSP. Any 
offset of the reference edge of HI from the zero reference point of phase A back- 
emf is corrected in the controller software. 

For conventional sinusoidal modulating functions, the per unit 
duty cycles of the resulting 3-phase PWM pulses at any given instant are given 

20 by: 

D a (6) = 0.5*[1+V*sin(6)] 

Db(6) - 0.5*[l+V*sin(e-27T/3)] (3) 
D c (9) = 0.5*[l+V*sin(G + 2tt/3)] 

25 

where -1 < V < 1 is the amplitude of the reference sine wave and 9 
is the rotor position. 

The maximum line to line RMS fundamental voltage obtainable 
with this modulation method is 0.6124 Vd C , where V dc is the inverter bus voltage. 
30 However, by injecting triplen harmonics (3rd, 9th, 15th, etc.) into the modulating 
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functions, the RMS fundamental voltage can be increased while keeping the 
currents sinusoidal because the Y-connected motor does not allow triplen 
currents to flow. The TRF-EPS system utilizes space vector modulation where 
the modulating function sin(0) is replaced by: 

5 

f(9) = (2/^)V*[sin(9) + (10/48)sin(39) - (l/48)sin(99)+...] (4) 

This modulation method provides an RMS fundamental line to 
line voltage of 0.7071 Vdc, which is 15.5% higher than that of a simple sine 

10 modulation. The space vector modulation function as well as the 3-phase digital 
PWM functions are implemented by the DSP chip. The sine function is obtained 
from a look-up table and is multiplied by the reference voltage in order to 
generate the PWM duty cycle values. The resolution of the digital PWM signals 
is 40 ns and the PWM frequency is set to 19 kHz. 

15 An optimized TRF motor design, shown in cross section in Figure 

11, was constructed and tested. The bench testing comprises a) verification of 
system performance as measured by the quality of the sinusoidal voltage and 
current waveform, sensor signal and resolution; and b) evaluating the torque- 
ripple content in comparison with the base-line motor. 

20 To assess the quality of the induced voltage waveform the 

machine is driven by the dynamometer as a generator and the no-load induced 
voltage waveforms of the three phases with respect to neutral were recorded at 
2000 rpm. The waveforms, illustrated in Figure 12, indicate excellent sine wave 
quality. Adding all three phases in Figure 12, however, reveals a small amount of 

25 third harmonic content (< 1%), that is not expected to contribute much to torque- 
ripple. Ideally, for pure sinusoidal waveforms the sum of all three phases should 
be zero at all times. It should be noted therefore that for the purposes of this 
invention, the term "sinusoidal" with respect to the currents is to be interpreted to 
mean "nearly" or "essentially" sinusoidal. Generally, the torque ripple in the 
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motors of this invention will be within the range of 0 to 3%, preferably 0 to .2%, 
more preferably 0 to 1%, and most preferably less than 1%. 

The quality of the current waveform and the reliability of the 
entire electronic controller are highly dependent on the robustness of the encoder 
5 signal. Tests of the MR encoder separately before assembly on the TRF system 
showed satisfactory operation of both the commutation and high-resolution 
sensors at air gaps up to 0.6 mm. This represents a safe margin of operation. 
Figure 13A and 13B show the high-resolution track MR outputs at 0.1 and 0.5 
mm air gaps, on the same scale. The dotted line represents the dc bias as 

10 calculated by averaging the outputs of the MRs located at both ends of the array, 
and the angular distance between the signals at the intersections with the average 
is approximately 1.25 mechanical degrees as expected. The oscillations on this 
signal show whatever minor variations still remained between the MR signals, 
despite the design efforts to eliminate them. Further increases in encoder 

15 resolution, or improvements in sensor robustness, would require stronger signals, 
which could be done by improvements in sensor packaging aimed at reducing the 
thickness of the protective layers on the MRs. The distance between the magnet 
and the sensor outer surface was 1 .33 mm in the tested prototype. 

Figures 14A and 14B show the phase current waveform and its 

20 frequency spectrum, respectively, with the machine running at 1560 rpm and 
delivering a torque of 1 .35 N-m to a dynamometer load. Here again, the current 
waveform shows a very good sine wave quality. The frequency spectrum shows 
a component at the fundamental frequency of 52 Hz and a very small component 
at the PWM frequency of 19 kHz. This good sine wave quality was observed 

25 over the speed and load range. 

The torque ripple content was evaluated at a test stand equipped 
with automated data acquisition system. The results were compared with those of 
a trapezoidal motor used by the assignee to serve as a base line. The torque 
ripple tests were conducted for a voltage-mode operation (mainstream approach 

30 at the time of testing) and at a low motor speed (10 rpm), because at high speed 
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the system inertia (of both tested and dynamometer motors) tends to mask any 
present torque ripple. This is a known measurement difficulty that has not been 
overcome. The data were collected over two mechanical revolutions as displayed 
in Figures 15 and 16 for the base line and the TRF motors, respectively. It is 
5 clear that the TRF system exhibits a much less torque ripple content, (peak- 
peak)/average, than the base line system (2.5% versus 18%). 

It is important to emphasize that at higher, more realistic operating 
speeds the torque ripple content in a trapezoidal system is expected to increase 
due to increased distortion of the current waveform particularly in the voltage- 

10 mode control case. In a sinusoidal case the torque ripple content should remain 
unchanged because the current waveform responsible for the torque profile 
remains unchanged and controlled to the near sine wave at all speeds. 

A number of factors influence the amount of torque ripple 
produced in a "real world" sinusoidal machine. Among these are machine 

1 5 eccentricities due to manufacturing tolerances, the encoder resolution, 

mismatches or offsets in the current sensors, and round-off and other processing 
errors or noise in the controller. Consequently, torque ripple will never be equal 
to zero in a "real world" system. However, the intrinsic behavior of TRF-EPS 
system results in negligible cogging and commutation torque ripple and therefore 

20 will always have a significantly smoother feel than that of an equivalent brushless 
system with all other factors being equal. 

An experimental small size vehicle was equipped with a TRF-EPS 
system for further road and noise evaluation. Initial testing were performed in a 
semi-anechoic chamber. The same test facility was used to evaluate the 

25 conventional EPS systems with trapezoidal motors/inverters, for comparison. 
The test results were compared with those of the base-line system and another 
conventional system equipped with special provisions (rotor and frame mounted 
on rubber isolation) to minimize noise and torque ripple effects. The steering feel 
was found to be very smooth, especially with current-mode control 



WO 02/20293 



PCT/US00/24416 



33 

Testing was conducted by an independent test laboratory in their 
sound quality facility to compare the TRP-EPS system to conventional motors 
with and without rubber isolation. The tests were conducted with both the engine 
off and engine idling. A sample of the actual noise spectrum results (for engine 
5 idling, steering at 30 rpm) is shown in Figures 17A-C. 

Compared with the base-line motor (12-slots), the noise level at 
600 Hz was reduced dramatically from 47 dBA to 3 1 dBA with the engine off 
and from 47 dBA to 36 dBA with the engine idling while steering at 30 rpm. 
With double rubber isolation on both the rotor and housing, a conventional motor 

10 achieved levels of 34 and 24 dBA under the same conditions, respectively. At 
100 Hz, the TRF motor noise was down to 28 from 42 dBA with engine off 
versus 37 dBA with isolation, and down to 31 from 40 dBA with the engine 
idling versus 36 with isolation. In summary, the TRF concept demonstrated a 
much quieter operation than conventional motors, to a level perhaps achievable 

1 5 only with rubber isolation of the shaft and housing. In addition to the added cost 
of such isolation, the housing isolation adds to the motor size and affects 
packageability. 

As mentioned earlier, there are practical limits that lead to a non- 
zero or parasitic torque-ripple. This parasitic torque ripple results from 

20 limitations of the system constructional elements: current sensors offset and gain 
mismatch; motor eccentricity; unbalanced magnet magnetization; bearing 
friction; software truncation errors, etc. The level of this parasitic torque level 
could be minimized by careful consideration of the causes at the design stage. 

While the torque-ripple free concept theoretically represents the 

25 ultimate in smoothness and quietness, implementing only some of the features of 
the TRF system can provide partial solutions and permit the use of more 
conventional machines with their larger available manufacturing base. These 
should fall, in terms of their ability to reduce torque ripple and noise, on the 
spectrum in-between the TRF system and the basic system (base line), and should 

30 be examined for possible trade-offs between performance on one hand versus 
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expediency and perhaps even lower cost on the other hand. There are three such 
compromise solutions that are worth examining: 

Sinusoidal inverter and conventional motor 

5 A possible embodiment combines a sinusoidal inverter (sinusoidal 

current) with a conventional machine (trapezoidal voltage). The magnitude of the 
commutation torque ripple and noise could be less than in the basic system, 
depending on the width of the flat top of the trapezoidal voltage waveform. The 
cogging torque is reduced in a traditional fashion by skewing either the magnet or 
10 the stator teeth. In this option, a conventional motor with a less expensive high 
energy magnet can be used. 

Sinusoidal inverter and a motor having sinusoidally magnetized magnet and 
a conventional stator 

1 5 Another embodiment is the same as the previous embodiment, but 

with sinusoidally magnetized magnets. For equal performance the machine 
active length must be increased by about 18% to compensate for the reduction in 
magnetic flux associated with a sinusoidal waveform as opposed to trapezoidal. 
v However, this option has the potential of approaching the low torque ripple level 

20 of the TRF system. It does not benefit from the simplicity of the slotless 

winding, but also does not necessarily need the expensive high energy magnets as 
for a slotless construction. The decision between less expensive vs. expensive 
magnets, in this case, should be based on packaging and economic constraints. 

25 Slotless winding with trapezoidal magnetic field waveform 

Another possible alternative embodiment comprises a 
conventional rotor producing a trapezoidal magnetic field waveform in the 
airgap, along with a slotless stator. Such an arrangement would completely 
eliminate cogging torque, and significantly reduce the radial forces that are a 
30 source of vibration and audible noise. As long as trapezoidal currents and 
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magnetic field waveform are used, commutation torque ripple would still be 
present. 

Rotary machines constitute the most common technology for 
electric power steering. Rotary machines will be of the radial-field type, as 
5 shown in the figures included in this application, or could be of the axial-field 
type as well. However, inasmuch as linear motors are an option (US 5,924,518), 
the various aspects of the present invention could be used in a linear motor 
configuration to reduce "force'* ripple. 

While preferred embodiments have been shown and described, 
10 various modifications and substitutions may be made thereto without departing 
from the spirit and scope of the invention. Accordingly, it is to be understood 
that the present invention has been described by way of illustration only, and 
such illustrations and embodiments as have been disclosed herein are not to be 
construed as limiting to the claims. 



15 
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CLAIMS 

What is claimed is: 



1. An electric motor system with reduced torque ripple 

comprising: 

an electric motor having a stator and a rotor and one or more 
windings; said electric motor comprising: 

permanent magnetic means; and 

a higher-resolution position sensor effective in sensing the 
angular position of said rotor; and 

a sinusoidal inverter to drive one or more currents through said 
one or more windings of said electric motor wherein said sinusoidal inverter is 
adapted to receive angular position information from said higher-resolution 
position sensor to control said winding currents to be essentially sinusoidal 

2. The invention of claim 1 wherein said permanent magnetic 
means are effective in generating an essentially sinusoidal magnetic field. 

3. The invention of claim 2 wherein said permanent magnetic 

means further comprise one or more sinusoidally magnetized permanent magnets. 

» 

4. The invention of claim 1 wherein said electric motor further 
comprises slotless airgap windings. 

5. The invention of claim 1 wherein said windings of said electric 
motor are located in slots separated by teeth. 



5 



10 



6. The invention of claim 1 wherein said stator is made from a 
powdered iron composite. 
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7. The invention of claim 6 wherein said stator is also the motor 

housing. 

8. The invention of claim 1 wherein said rotor further comprises a 
composite reinforced plastic shaft. 

9. The invention of claim 1 wherein said rotor further comprises a 
composite iron shaft. 

10. The invention of claim 1 wherein said electric motor system 
further comprises a torque command, wherein said control of said winding 
currents is responsive to said torque command, and wherein said control is a 
current-mode control. 

1 1 . The invention of claim 1 wherein said electric motor system 
further comprises a torque command, wherein said control of said winding 
currents is responsive to said torque command, and wherein said control is a 
voltage-mode control. 

12. The invention of claim 1 wherein said higher-resolution 
position sensor further comprises: 

an incremental position sensor; and 

an absolute position sensor defining a reference angle. 
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13. The invention of claim 12 wherein said absolute position 
sensor further defines one or more electronic signal, where said one or more 
electronic signal each includes a first level and a second level, and said reference 
angle is based upon a transition from said first level to said second level of one 

5 said electronic signal when said motor is rotating clockwise, and is based upon a 
transition from said second level to said first level of said one electronic signal 
when said motor is rotating counterclockwise. 

14. The invention of claim 13 wherein the power-up phase of said 
electric motor further includes the steps of: 

determining an angular interval from said one or more electronic 
signals from said absolute position sensor; 
5 exciting one or more said winding from said motor according to 

said determined angular interval; and, 

controlling said winding currents to be essentially sinusoidal after 
one of said electronic signals from said absolute position sensor has effected a 
transition from one of said first and second levels to the other of said first and 
10 second levels. 

15. The invention of claim 12 wherein said one or more motor 
windings of said electric motor is arranged into one or more phases, and said 
absolute position sensor further comprises one electronic signal for each said 
motor phase. 



WO 02/20293 



PCT7US00/24416 



39 



16. The invention of claim 1 wherein said higher-resolution 
position sensor comprises: 

one or more magnetoresistors; 

one or more toothed tracks; and 
5 said magnetoresistor(s) and toothed track(s) mounted in said 

motor such that relative rotational motion between said rotor and said stator 
results in relative rotational motion between said magnetoresistor(s) and said 
toothed track(s); and 

wherein said magnetoresistor(s) is disposed sufficiently close to said toothed 
tracks(s) so as to be effective in detecting said relative motion. 

17. An electric motor system with reduced torque ripple for power 
assisted steering in a motor vehicle comprising: 

an electric motor having a stator and a rotor and one or more 
windings; said electric motor comprising: 
5 permanent magnetic means; and 

a higher-resolution position sensor effective in sensing the angular 
position of said rotor; and 

a sinusoidal inverter to drive one or more currents through said 
one or more windings of said electric motor wherein said sinusoidal inverter is 
10 adapted to receive angular position information from said higher-resolution 
position sensor to control said winding currents to be essentially sinusoidal. 

18. The invention of claim 17 wherein said permanent magnetic 
means are effective in generating an essentially sinusoidal magnetic field. 



19. The invention of claim 18 wherein said permanent magnetic 
means further comprise one or more sinusoidally magnetized permanent magnets. 
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20. The invention of claim 17 wherein said electric motor further 
comprises slotless airgap windings. 

2 1 . The invention of claim 1 7 wherein said windings of said 
electric motor are located in slots separated by teeth. 

22. The invention of claim 17 wherein said stator is made from a 
powdered iron composite. 

23. The invention of claim 22 wherein said stator is also the 

motor housing. 

24. The invention of claim 1 7 wherein said rotor further comprises 
a composite reinforced plastic shaft. 

/ 

25. The invention of claim 17 wherein said rotor further comprises 
a composite iron shaft. 

26. The invention of claim 17 wherein said electric motor system 
further comprises a torque command, wherein said control of said winding 
currents is responsive to said torque command, and wherein said control is a 
current-mode control. 

27. The invention of claim 17 wherein said electric motor system 
further comprises a torque command, wherein said control of said winding 
currents is responsive to said torque command, and wherein said control is a 
voltage-mode control. 
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28. The invention of claim 17 wherein said higher-resolution 
position sensor further comprises: 

an incremental position sensor; and 

an absolute position sensor defining a reference angle. 

29. The invention of claim 28 wherein said absolute position 
sensor further defines one or more electronic signal, where said one or more 
electronic signal each includes a first level and a second level, and said reference 
angle is based upon a transition from said first level to said second level of one 

5 said electronic signal when said motor is rotating clockwise, and is based upon a 
transition from said second level to said first level of said one electronic signal 
when said motor is rotating counterclockwise. 

30. The invention of claim 29 wherein the power-up phase of said 
electric motor further includes the steps of: 

determining an angular interval from said one or more electronic 
signals from said absolute position sensor; 
5 exciting one or more said winding from said motor according to 

said determined angular interval; and, 

controlling said winding currents to be essentially sinusoidal after 
one of said electronic signals from said absolute position sensor has effected a 
transition from one of said first and second levels to the other of said first and 
10 second levels. 

3 1 . The invention of claim 28 wherein said one or more motor 
windings of said electric motor is arranged into one or more phases, and said 
absolute position sensor further comprises one electronic signal for each said 
motor phase. 
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32. The invention of claim 17 wherein said higher-resolution 
position sensor comprises: 

one or more magnetoresistors; 

one or more toothed tracks; and 
5 said magnetoresistor(s) and toothed track(s) mounted in said 

motor such that relative rotational motion between said rotor and said stator 
results in relative rotational motion between said magnetoresistor(s) and said 
toothed track(s); and 

wherein said magnetoresistor(s) is disposed sufficiently close to 
said toothed tracks(s) so as to be effective in detecting said relative motion. 



33. The invention of claim 17 wherein said electric motor system 
with reduced torque ripple is mounted on the steering column of said motor 
vehicle. 
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FIG. 8 
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FIG. 10A 
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FIG. 15 
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